Joubert syndrome (JS) is a recessive, neurodevelopmental disorder characterized by hypotonia, ataxia, abnormal eye movements and variable cognitive impairment. It is defined by a distinctive brain malformation recognized as the "molar tooth sign" on axial MRI. Subsets of affected individuals have malformations such as coloboma, polydactyly, and encephalocele, as well as progressive retinal dystrophy, fibrocystic kidney disease and liver fibrosis. More than 35 genes have been associated with JS, but the genetic cause remains unknown in a subset of families. All of the gene products localize in and around the primary cilium, making JS a canonical ciliopathy. Ciliopathies are unified by their overlapping clinical features and underlying mechanisms involving ciliary dysfunction. In this work, we identify biallelic rare, predicted-deleterious ARMC9 variants (stopgain, missense, splice-site, and single exon deletion) in 11 individuals with JS from 8 families, accounting for approximately 1% of the disorder. The associated phenotypes range from isolated neurological involvement, to JS with retinal dystrophy, additional brain abnormalities (e.g. heterotopia, Dandy-Walker malformation), pituitary insufficiency, and/or synpolydactyly. We show that ARMC9 localizes to the basal body of the cilium and is upregulated during ciliogenesis. Typical ciliopathy phenotypes (curved body shape, retinal dystrophy, coloboma, and decreased cilia) in a CRISPR/Cas9-engineered zebrafish mutant model provide additional support for ARMC9 as a ciliopathy associated gene. Identifying ARMC9 mutations as a cause of JS takes us one step closer to a full genetic understanding of this important disorder and enables future functional work to define the central biological mechanisms underlying JS and other ciliopathies. 
INTRODUCTION
Joubert syndrome (JS OMIM: P213330) is a recessive neurodevelopmental disorder characterized by motor and cognitive impairments and a distinctive hindbrain malformation giving the appearance of the "molar tooth sign" (MTS) on axial MRI. In addition to the obligate neurological features, subsets of individuals with JS have progressive retinal dystrophy, fibrocystic kidney disease and liver fibrosis, as well as malformations such as chorioretinal coloboma and polydactyly. Despite this distinctive clinical presentation, mutations in more than 35 genes cause JS, highlighting its marked genetic heterogeneity. All of the genes to date encode proteins that function in or around the primary cilium, rendering JS a canonical ciliopathy; ciliopathies are disorders grouped by their overlapping clinical features and molecular disease mechanisms involving cilium dysfunction. [24] [25] [26] [27] The primary cilium is a nearly ubiquitous microtubule-based organelle sheathed in a specialized membrane that projects from the cellular surface and functions like an antenna, detecting light, mechanical, and chemical cues, as well as regulating key signaling pathways such as Hedgehog [28] [29] [30] [31] [32] [33] [34] and PDGF. 35; 36 Significant advances have been made in recent years on the complex genetics underlying JS, and multiple cellular and developmental defects have been associated with loss of function for JS-associated genes in model systems. 11; 22; 31; 37-45 Despite this remarkable progress identifying candidate mechanisms, the common cellular dysfunction across genetic causes of JS is elusive. Therefore it is essential to identify the complete set of genetic defects that underlie JS to pinpoint the unifying molecular mechanism. In this work, we present evidence for mutations in armadillo repeat containing 9 (ARMC9) as a cause of JS, based on human genetic, protein localization, and zebrafish model data.
MATERIALS AND METHODS

Subject ascertainment and phenotypic data
Informed consent was obtained for all participants under approved human subjects research protocols at the Clinical data were obtained by direct examination of participants, review of medical records and structured questionnaires.
Variant identification
Samples from individuals affected by JS were previously screened using a Molecular Inversion Probes (MIPs) targeted capture 46 We generated cDNA from 2µg of total RNA using the iScript Reverse Transcription Supermix for RT-qPCR (Biorad, Hercules, CA). The expression of ARL13B and ARMC9 mRNAs was determined using qPCR. Each cDNA sample was amplified using Power SYBR Green PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific) on the C1000 Thermal Cycler CFX (Bio-rad, Hercules, CA). After an initial denaturation of 10 minutes at 95⁰C, each cycle (x39) consisted of denaturation at 95⁰C for 15 seconds and anneal/extend at 60⁰C
for one minute with a plate read. The primers for ARL13B and ARMC9 are listed in Table S1 . GAPDH was used as an endogenous control to normalize each sample. The experiment was performed in triplicate.
Cell lines, antibodies and microscopy
Human telomerase-immortalized retinal pigment epithelium (hTERT-RPE1) cells were grown in DMEM (PAA) supplemented with F12 in a 1:1 ratio with 10% fetal bovine serum and 1% penicillin/streptomycin.
Cells were plated on glass cover slips for immunofluorescence imaging. Twenty-four hours after plating, hours post transfection and western blotting was performed. Primary antibodies mouse monoclonal GAPDH (Thermo Scientific) and rabbit polyclonal ARMC9 (Human Protein Atlas Sigma Aldrich) were used at 1:1000 and 1:500 dilutions respectively and incubated overnight at 4 degrees. Secondary antibodies goat anti-rabbit IRDye800 (LI-COR Biosciences) and goat anti-mouse IRDye680 (LI-COR Biosciences) were used at a dilution of 1:10,000 and incubated with blots for 1 hour at room temperature. Imaging was done with the Odyssey CLx imaging system (LI-COR Biosciences). Protein quantification was performed using Image Studio Lite software (LI-COR Biosciences).
Zebrafish in situs, CRISPR, mutation assay, histology protocols were in compliance with internationally recognized guidelines for the use of zebrafish in biomedical research, and the experiments were approved by local authorities (Veterinäramt Zürich TV4206).
In situ hybridization was performed following standard protocols with a probe spanning over 800 bp at the 3' end of armc9 generated using the primers 5'-AGCTCAACTCAGCGACCATC-3' and 3'-TGCTGTTACAGGAAGCTGGA-5'. sgRNAs for CRISPR/Cas9 mutagenesis were designed using the were analyzed on gel electrophoresis, bands were cut out and subcloned before sequencing. The remaining F0 fish were raised. Brains of four F0 fish with curved bodies were dissected out at five months of age, halved and fixed in 2.5% Glutaraldehyde in 0.1M Cacodylate buffer and prepared for scanning electron microscopy (SEM) following standard protocols. SEM was performed on a ZEISS Supra VP 50 microscope. Cryosections were performed following standard protocols and IHC was performed as previously described, 37; 62 using the zpr1 antibody. 63 Vybrant® DiO (ThermoFisherScientific) and DAPI were used for counterstaining. Images were acquired on a Leica HCS LSI confocal microscope. Histological sections using Technovit were performed as previously described. 62 Images were acquired on an Olympus BX61 microscope. -associated genes (NPHP1, AHI1, CEP290, RPGRIP1L, TMEM67, CC2D2A,   ARL13B, INPP5E, OFD1, TMEM216, CEP41, TMEM237, TCTN2, KIF7, TCTN1, TMEM138, MKS1,   C5ORF42, TMEM231, TCTN3, CSPP1, PDE6D, IFT172, ZNF423, TTC21B, B9D1 , B9D2, and C2CD3) based on targeted sequencing. 46; 47 Variants from the exome sequencing data that were rare (minor allele frequency <1% in the exome variant server [EVS] database) and predicted to be deleterious (stop-gain, frameshift, canonical splice variants and variants with CADD score >15) were retained for further analysis.
RESULTS
Exome sequencing reveals
We identified pairs of siblings in two families that shared two rare, predicted-deleterious variants (RDVs) in segregation was not performed in the remaining four families because DNA was not available from parents (Table 1) . c.1027C>T, p.Arg343Cys appears to be a recurrent mutation rather than a founder variant, since it is present in families of diverse ethnicities, and a second variant (c.1027C>A, p.Arg343Ser) affects the same position. ARMC9 is predicted to have a Lissencephaly type-1-like homology (LisH) motif, a coiled-coil domain, and armadillo repeats ( Figure 1A) . Two of the missense RDVs are in the armadillo repeats, while the other four missense RDVs are not located in known domains.
ARMC9-related JS is indistinguishable from JS due to other genetic causes
All of the affected individuals have typical features of JS including hypotonia and developmental disability, most severely affecting motor and speech function (Table 1 ). Ages range from 2 to 33 years. Most of the individuals have isolated neurodevelopmental issues, including two with seizures (UW132-3 and UW116-3).
Two individuals (UW132-4 and SA2-3) have postaxial polydactyly, while SA2-3 also has syndactyly. Two individuals (UW348-3 and SA2-3) also have retinal dystrophy, but none have kidney or liver involvement.
UW349-3 has a more complex presentation with hypopituitarism, bilateral optic nerve hypoplasia, bifid uvula, and an abnormal brainstem (see below).
Based on direct review of the brain MRIs, all of the affected individuals have the "molar tooth sign," as well as dysplasia of the superior cerebellar folia (Figure 2A -B, F and Table S2 ). Three individuals (UW335-4, LR09-023, and SA2-3) have cerebellar hemisphere dysplasia, seen in up to 1/3 of individuals with JS ( Figure 2C ). 67 In addition to the MTS, LR09-023 has a large posterior fossa with a rotated cerebellar vermis consistent with Dandy-Walker malformation, ( Figure 2D-E, I ). LR09-023 also has a single periventricular heterotopia ( Figure   2D ), as do UW116-3 and UW335-4. The two oldest individuals (UW132-3 and -4) have an atrophic appearance to their cerebellum, more severely affecting the vermis than the hemispheres ( Figure 2G ). UW349-3 has a kinked brainstem and cervicomedullary junction heterotopia ( Figure 2H ) seen in a small subset of individuals with JS, [67] [68] [69] [70] [71] and UW349-3 and SA2-3 have an absent posterior pituitary bright spot, but only UW349-3 has known pituitary insufficiency.
ARMC9 localizes to the basal bodies of primary cilia JS-associated proteins have been shown to localize in and around primary cilia; 40; 45; 72-74 therefore, we used a commercially available ARMC9 antibody to evaluate endogenous ARMC9 localization in ciliated hTERT-RPE1 cells. ARMC9 co-localized with γ-tubulin at the base of cilia ( Figure 3A ). To get enhanced details of ARMC9 localization, we turned to superresolution imaging. ARMC9 localized to the ciliary basal body ( Figure 3B , white arrowhead), basal to but not overlapping with the transition zone marker RPGRIP1L, as well as to the daughter centriole ( Figure 3B , white arrow) marked by acetylated α-tubulin antibody ( Figure 3B ).
ARMC9 expression is upregulated in ciliated cells
Based on data from model systems and humans, many genes involved in cilium function are upregulated in ciliated cells. [75] [76] [77] [78] [79] We evaluated ARMC9 expression by quantitative PCR in control human fibroblasts with and without serum in the medium. In the presence of serum, fibroblasts actively divide and few have cilia, but in response to serum starvation, 80-90% drop out of the cell cycle and make cilia, similar to other published results. 80 ARMC9 expression was 1.9-to 3.6-fold higher in serum-starved cells than cells grown with serum ( Figure 3C ). For comparison, expression of another JS-associated gene, ARL13B, was 2.4-fold higher in serum-starved cells.
Zebrafish armc9 mutants display typical ciliopathy phenotypes
To investigate the function of ARMC9 in vivo, we turned to the zebrafish model. Zebrafish have a single ARMC9 orthologue that has 58% identity and 72% similarity with the human protein. Based on database predictions and manual curation, both the LisH domain and the armadillo-fold domain are conserved in zebrafish at similar positions to the human protein (amino acids 7-39 and 375-600 respectively) (Supp Figure   1 ). In adult zebrafish, armc9 is expressed in multiple CNS regions based on in situ hybridization, including the cerebellum (Supp Figure 1) , all periventricular regions ( Figure 4A ) and all layers of the retina ( Figure 4B ). To explore whether loss of armc9 function results in ciliopathy phenotypes, we engineered frameshift mutations in zebrafish using CRISPR/Cas9 (Supp Figure 2) . Co-injecting pairs of small guide RNAs targeting either exon 4 or exons 14-15 (the latter corresponding to the middle of the armadillo-fold domain), we generated mutations with very high efficiency (91% of sequenced clones from individual F0 larvae carried indels, the majority of which were out-of-frame; Supp Figure 2) . Of approximately 140 surviving F0 fish raised, 10 developed a curved body axis around six weeks of age ( Figure 4C-D suggested body curvature in zebrafish is caused by deficient ependymal cilia-generated cerebrospinal fluid (CSF) flow. 81 Indeed, using SEM we observed a substantial reduction of cilia numbers on the ventricular surface of adult zebrafish harboring armc9 mutations ( Figure 4E-F) . In addition, a subset of F0 fish with body curvature also displayed a retinal coloboma and had shortened photoreceptor outer segments, typical phenotypes observed with ciliary dysfunction ( Figure 4G -J and Supp Figure 2 ). 38 Taken together, these results confirm that armc9 loss-of-function in zebrafish causes typical ciliopathy phenotypes and strongly support a role for armc9 in ciliary function.
DISCUSSION
Mutations in more than 35 genes have been identified in individuals with JS, explaining the genetic cause in 62% to 97% of cases, depending on the study. 47; 66; 82 In addition to these known causes, we now identify ARMC9 mutations as an additional cause of JS accounting for almost 1% of families in our cohort of >500.
Substantial functional evidence supports ARMC9 as a ciliopathy-associated gene.
ARMC9 localizes to the basal body
We provide evidence that ARMC9 localizes to the ciliary basal body, similar to other JS-associated proteins ( Figure 3A-B) . The basal body originates from the mother centriole that docks at the cell membrane during interphase to nucleate the ciliary axoneme. The daughter centriole remains tethered to the basal body by an interconnecting fiber, and both structures often appear as juxtaposed puncta on immunofluorescence images. Basal bodies are composed of nine short triplet microtubules arranged in a circle, and two of the three microtubules in each basal body triplet extend as axonemal microtubules. Several other JS-associated proteins, OFD1, KIAA0586, and C2CD3, also localize to the basal body. 40; 45; 72-74; 83 Strikingly, ARMC9 and OFD1 both have an N-terminal LisH motif that is known to bind to microtubules ( Figure 1A ). 72; 84; 85 Two published proteomic studies in murine inner medullary collecting duct (IMCD3) cells also provide support for ARMC9 as a cilium-associated protein: 1) ARMC9 was detected a total of 31 times across ciliary fractions via
MudPIT mass spectrometry of isolated cilia; 86 2) Proximity labeling using a promiscuous biotinylating enzyme conjugated to the transition zone protein NPHP3 detected ARMC9-specific peptides (6 spectral counts), thus providing direct evidence for their adjacency.
87
ARMC9 is present in ciliated organisms and upregulated in ciliated cells
The use of comparative genomics to compile genes exclusively present in ciliated organisms versus nonciliated organisms is a common technique in identifying ciliary genes. experiments show that ciliary genes are widely induced during ciliogenesis and maintained at high levels in ciliated cells. [77] [78] [79] Ciliary genes are similarly upregulated in higher organisms. 36; 94; 95 Similar to other ciliary genes, we demonstrate that ARMC9 expression is upregulated in human ciliated fibroblasts, as compared to cycling cells ( Figure 3C ).
Zebrafish harboring armc9 mutations display typical ciliopathy phenotypes
In a vertebrate model, zebrafish harboring CRISPR-engineered armc9 mutations display phenotypes similar to those seen with loss-of-function for zebrafish orthologs of other ciliopathy-associated genes ( Figure   4 ). 38; 96; 97 The retinal dystrophy and/or curved body axis are also seen in loss-of-function models for the cc2d2a, ahi1, and ift genes. 38; 97-100 Furthermore, we show a strong reduction of cilia in the brain ventricles of zebrafish harboring armc9 mutations, suggesting the gene product may participate in early stages of ciliogenesis or be required for ciliary maintenance. The mosaic state of the animals analyzed in this work does not allow for discrimination between these two possibilities. Indeed, the presence of residual cilia on some phenotype. Future analysis of stable lines will help address these possibilities. The identical phenotypes observed in multiple animals generated using guides targeting different armc9 regions, combined with lack of these phenotypes with CRISPR/Cas9-generated deletions in 20 different non-ciliary genes, strongly support the specificity of the observed phenotypes and argue against non-specific or off-target effects of CRISPR/Cas9.
In conclusion, we demonstrate that mutations in ARMC9 cause JS and show that ARMC9 localizes to the basal body. Given the LisH domain, ARMC9 likely binds microtubules there, but the details of its function remain to be elucidated. Delineating all of the genes involved in JS will enable future work to determine how proteins that localize to the basal body, transition zone, cilium proper, and cilium tip all contribute to the molecular mechanism(s) underlying JS. Understanding the molecular mechanisms of JS will lead to more specific treatments in the future and further our understanding of basic ciliary biology in health and disease. 
